Stenotic nares, edematous intranasal turbinates, mucosal swelling, and an elongated, thickened soft palate are common sources of airflow resistance for dogs with brachycephalic airway syndrome. Surgery has focused on enlarging the nasal apertures and reducing tissue of the soft palate. However, objective measures of surgical efficacy are lacking. Twenty-one English bulldogs without previous surgery were recruited for this prospective, pilot study. Computed tomography was performed using conscious sedation and without endotracheal intubation using a 128 multidetector computed tomography scanner. Raw multidetector computed tomography data were rendered to create a three-dimensional surface mesh model by automatic segmentation of the air-filled nasal passage from the nares to the caudal soft palate. Three-dimensional surface models were used to construct computational fluid dynamics models of nasal airflow resistance from the nares to the caudal aspect of the soft palate. The computational fluid dynamics models were used to simulate airflow in each dog and airway resistance varied widely with a median 36.46 (Pa/mm)/(l/s) and an interquartile range of 19.84 to 90.74 (Pa/mm)/(/s). In 19/21 dogs, the rostral third of the nasal passage exhibited a larger airflow resistance than the caudal and middle regions of the nasal passage. In addition, computational fluid dynamics data indicated that overall measures of airflow resistance may significantly underestimate the maximum local resistance. We conclude that computational fluid dynamics models derived from nasal multidetector computed tomography can quantify airway resistance in brachycephalic dogs. This methodology represents a novel approach to noninvasively quantify airflow resistance and may have utility for objectively studying effects of surgical interventions in canine brachycephalic airway syndrome.
INTRODUCTION
The English bulldog breed is growing in popularity. 1 However, the breed is predisposed to multiple congenital disorders that may have a negative impact to the health of the dog.
Brachycephalic airway syndrome is a collection of respiratory structural anomalies of the respiratory tract. Each anomaly contributes to an overall compromise of airway patency. The abnormalities span from the nares to the distal trachea. 2 The severity of abnormalities for an individual dog is difficult to objectively assess using only physical examination and laryngeal visualization. Brachycephalic breeds such as English bulldogs may have few clinical signs of airway disease; however, the spectrum of affliction is wide and more severely brachycephalic dogs may rapidly develop respiratory distress with the potential of death. 3 Surgery is performed to address conformational obstruction with the goal to decrease the airflow impedance and reduce the upper airway resistance. 4 There is no quantitative tool to objectively assess if a reduction in airflow resistance occurs postsurgery.
Shortened craniofacial skull conformation provides insufficient space necessary for appropriate intranasal development. 5 The abnormal shape of the nasal cavity is thought to develop in an incongruent (heterochronic) growth pattern with truncation of the bones at the base of the skull, as well as the exterior facial bones, while the nasal/ethmoid turbinates continue to develop normally. 6 The consequence is a nasal cavity filled with many convoluted, intricate scrolls of bone and overlying congested mucosal tissue. 7 The intertwining of structures causes increased mucosal contact points that decrease intranasal passageways with a relative excess of nasal turbinates. 8 The lack of space for growth of these nasal bones culminates in aberrant rostral and caudal turbinates that occupy the airway passage, which may further potentiate airflow impedance. 3, 9 Brachycephalic airway syndrome is used to summarize the effects of the anatomic anomalies that negatively impact the airway. 10 Despite a high prevalence and wide spectrum of affliction within brachycephalic breeds, there is a lack of quantitative measures to help characterize how severely individual dogs may be affected. 11, 12 Previous work has used a combination of video endoscopy and barometric whole-body plethysmography to evaluate brachycephalic airway disease with no significant correlation to severity of clinical signs. 13, 14 Brachycephalic airway syndrome has classically included stenotic nares (Fig. 1A) , elongated soft palate with excessive soft palate tissue (Fig. 1B) , laryngeal collapse, everted laryngeal saccules, and a hypoplastic trachea. [15] [16] [17] [18] More recent literature has investigated additional factors that may contribute to the impedance of airflow; these include increased mucosal contact points of the nasal turbinates, nasopharyngeal turbinates (caudal aberrant turbinates), rostral aberrant turbinates, macroglossia, and amgydalitis ( Fig. 1C and D) . 6, 9, 19 Excess tissue obscures an already highly restrictive airway leading to a further increase of resistance. The nasal cavity contributes 76.5% of the total airflow resistance in nonbrachycephalic dogs with the larynx and bronchi contributing 4.5% and 19%, respectively. 20 The nasal cavity resistance increases to 80% in brachycephalic dogs. 20 This rostral increase of resistant airway dynamics is similar to humans, especially people afflicted with nasal airway obstruction secondary to complex nasal defects. 21 The increased upper airway resistance of brachycephalic dogs has also been correlated to an increased rate of gastrointestinal abnormalities such as gastroesophageal reflux disease. 4 When activity restriction is not sufficient, surgical intervention is a keystone treatment for brachycephalic airway syndrome dogs. 15 Surgical techniques may include alar wedge resection or alaplasty, partial staphylectomy, and laryngeal ventriculectomy. [22] [23] [24] Overall, the prognosis for surgery is good with low perioperative morality; however, there is little explanation for why some dogs do not respond well to surgery. 4, 25, 26 Computational fluid dynamics has recently become a tool to aid surgical planning in humans with nasal airway obstruction. 27, 28 Personalized models of individuals have been created from CT images to test mechanics of flow through an ex vivo model to aid surgical planning. Studies have shown that this tactic may be used before surgery and then following surgery to quantitatively assess functional outcomes of surgical intervention. 29, 30 Computational fluid dynamics has been used to evaluate air flow through the glottis in cadaveric models of Thoroughbred horses, as well as assessing the effect of airflow for olfaction in dogs. [31] [32] [33] [34] [35] Although similar computational techniques have been used to evaluate otolaryngological disorders in humans, to the authors' knowledge, application of this technology to brachycephalic airway syndrome is a novel approach to evaluating upper airway resistance in veterinary medicine. 36 Computed tomography (CT) allows for screening of subclinical lower airway pathology while simultaneously evaluating upper airway structures. A computed tomographic scanner with a high number of detectors minimizes the time required for imaging. Longer acquisition times necessitate general anesthesia to facilitate that a patient is compliant enough for a diagnostic quality study. The combination of gastroesophageal reflux disease and prolonged anesthesia increases the risk to develop aspiration pneumonia, especially in brachycephalic breeds. 4, 37, 38 Therefore, one goal of this study is to demonstrate that the use of a 128-detector multidetector CT scanner can rapidly acquire diagnostic quality images without the need of general anesthesia to assess brachycephalic airway syndrome in English bulldogs. We also seek to demonstrate that these high-quality multidetector CT images can be used to generate patient-specific computational fluid dynamics models of the nasal passages in English bulldogs and demonstrate that this computational technique represents a novel way to quantify and characterize airway resistance through the nasal cavity.
METHODS
The study was a prospective, pilot design. Twenty-one privately owned . 2B ). A fill threshold was then applied to isolate the air-filled nasal passage throughout contiguous images which generated a three-dimensional solid model (Fig. 2C) .
Still within the three-dimensional image processing program, the solid model was subdivided into a computational fluid dynamics mesh consisting of six-sided tetrahedral elements which was then exported as a matrix laboratory (MATLAB) file into a finite element analysis, solver, and simulation software package (COMSOL, Multiphysics 5.0, COMSOL, Inc., Version 5.0.1.276, Burlington, MA). During this meshing procedure, we specified the minimum edge length which is defined as the minimum length of any side of all tetrahedral elements in the model. As a result, the density of the mesh (and hence the number of elements) could be controlled by specifying the minimum edge length where smaller minimum edge lengths lead to a more dense mesh with larger number of elements. For this study, the minimum edge length was set to 0.3 mm and if a three-dimensional mesh was not able to be constructed using 0.3 mm edge lengths, mesh construction was reattempted by increasing the minimum edge length at 0.05 mm increments. 
where is the density, is a partial derivative, ⃖⃖ ⃗ u ′ is the fluid velocity vector, p ′ is the pressure, is the dynamic viscosity, ∇ is the spatial gradient operator, and g is the acceleration due to gravity. Boundary conditions of no flow on airway walls, zero reference pressure at the nares, and an airflow rate of 0.5 l/s at the most distal airway section near the nasopharynx were used to solve Equation (1) in dimensional formats.
The primary output was the airflow velocity field and the distribution of pressure within the nasal cavity. Airflow had a laminar velocity at the inlet with an atmospheric pressure of zero assigned to the nares.
The properties of the airflow were maintained between all of the dogs.
Airway pressure maps were generated as color-coded overlays representing the shape of the upper airway anatomy (Fig. 3) . Pressures values were determined as a static value from the surface average at 5% equidistant intervals throughout the airway (Fig. 4) . Flow using the Navier-Stokes equation is driven by high pressure at the inlet to a lower reference pressure (zero) at a determined outlet. The airway model was divided into percentages of 5% increments from rostral to caudal for purposes of measuring airway pressure. The zero pressure was set at the 0% slice located at the nares. The 0% slice was determined to be the point that the nasal passage formed a complete border. The 100%
slice was set at the most caudal aspect of the soft palate just rostral to the confluence of the nasopharynx and oropharynx into the laryngopharynx. The most caudal slice therefore has the highest pressure due to the rise and build up of pressure through the nasal passage. The pressure changes along the airway lead to airflow within the airway, which is demonstrated by the black arrows in Figure 3 .
The overall resistance in the nasal passage was calculated using Equation (2) with ΔP set to the overall pressure change from nares to the most caudal slice measured in (Pa/mm)/(l/s), L is the total length of the nasal passage measured in mm and Q is the airflow rate set to 0.5 l/s. In addition, the local resistance was calculated using Equation (3) where dP/dx represents the spatial derivative of pressure between the 5% increments (Equation (3)). A greater degree of pressure change is demonstrated by a change in color for the color flow maps, as well as a greater slope on the line graph (Fig. 5) . The greater change in pressure and resistance had a higher slope as quantified by Equation (3). We chose to divide the airway into thirds when assessing the sites of greatest airway resistance. The rostral one-third includes the nasal planum to the rostral aspect of the frontal sinus. The middle one-third includes the frontal sinus into the choanae ending at the pterygoid bone. The caudal one-third extends from the caudal 
RESULTS
Twenty-one English bulldogs without previous history of airway surgery or cranial trauma were enrolled in the study. None of the dogs were excluded from further analyses. The average age was 28.5 months (range of 2.9 to 108.6 months). Four castrated males, eight intact males, four spayed females, and five intact females were enrolled. Computational fluid dynamics models were successfully constructed for all animals and as shown in Figures 3 and 4 , simulations resulted in airflow and pressure distributions within the nasal passage.
These pressure distributions were used to evaluate both the overall and local resistance to airflow in each dog using Equations (2) and (3).
Prior to data analysis, a mesh refinement analysis was conducted to evaluate the accuracy of the numerical solution. Specifically, the solid geometry for one dog was meshed using different minimum edge length values and this resulted in models with a different number of tetrahedral mesh elements. Numerical simulations were then performed in each model to calculate the overall and maximum resistance.
Note that in this analysis, the mesh density was inversely proportional The increase in pressure was not uniform through the airway (Fig. 5) . Local resistance (which is approximately the slope shown in Fig. 5 ) was not homogeneous throughout the airway as pressure changes varied with respect to distance along the airway. As a result, the maximum local resistance was statistically larger than the overall resistance (Fig. 6A ). In addition, the greatest step up of pressure occurred within the rostral one-third of the airway in 19 of 21 dogs (Fig. 5) and as a result the maximum local resistance within the rostral third of the nasal passage was significantly higher than the maximum flow resistance in the middle third and caudal third segments (Fig. 6B) . A representative model of pressure change within the airway anatomy correlated the largest impedance of flow to the anatomy from the nasal planum to the caudal nasopharynx, which consists primarily of the nasal turbinates (Fig. 5) . The remaining two dogs had the largest local increase of airway resistance occur in the caudal one-third of the airway, at the confluence of the nasopharynx into the laryngopharynx (Fig. 5) . Asymmetry of airway pressure between left and right nasal cavities was also identified in two dogs (Fig. 7) . between 65% and 98% of brachycephalic breeds, which negated the effectiveness of the procedure. 42 Regrowth of nasal turbinates with recurrent increased airway resistance is also seen in people after turbinectomy. 43 Airway pressures between the left and right nasal passages differed in two dogs of the current study (Fig. 7) . Asymmetry in airway pressures between nasal cavities of an individual dog may or may not be a consequence of deviation of the nasal septum; septal deviation has been identified in 21% of brachycephalic dogs in a postmortem study. 19 With these data, surgical intervention may be directed to alleviate pressure within the more affected side to minimize trauma caused by surgery. Directing efforts to the region of the anatomy contributing to the greatest change in pressure would maximize the impact of surgery.
DISCUSSION
However, a physiologic phenomenon consisting of cyclical congestion and decongestion of the venous sinusoids of the nasal mucosa referred to as nasal cycling may also contribute to airway asymmetry in CT studies. 44 Nasal cycling was not screened for or controlled in the current study.
This study developed a model that included the nasal airway from the nasal planum to the caudal soft palate. The model was directed to encompass anatomy addressed by surgery and was limited to the portion of the airway that had defined circumferential borders. As such, the model excluded other components of brachycephalic airway syndrome such as hypoplastic trachea, everted laryngeal saccules, or laryngeal collapse. 45, 46 The model also excluded the dynamic component of brachycephalic airway syndrome, which may include laryngeal dysfunction and intermittent obstruction of flow from the soft palate.
Decreasing the overall radius of a tubular system such as the nasopharynx will increase the overall resistance to the fourth degree, according to Poiseuille's Law. 47 The chronic increased resistance has been theorized to culminate in terminal stage airway disease of laryngeal collapse. 12 No dogs investigated in this study had everted laryngeal saccules or laryngeal collapse.
The repeatability was more variable than desired; however, the dog with a repeatability value of 79.0% was generated from a dog imaged early in the study, whereas the 95.3% and 93.2% were dogs from the latter part of the study. This may indicate a learning curve, as well as recognizing the value of consistently imaging at a smaller spatial resolution.
Limitations of this study include lack of a gold standard for airway resistance and the variable clinical severity of the dogs enrolled. While values for airway resistance were obtainable, repeatable, and were logically correlated to anatomic sites of airway narrowing in dogs with brachycephalic airway syndrome, the accuracy of the model and computational fluid dynamics data cannot be proven.
In conclusion, findings from this pilot study indicated that computa- 
